HIGH THROUGHPUT SYNTHESIS OF DIVERSE 2,5-SUBSTITUTED INDOLES USING

Introduction
The discovery of new lead compounds can be achieved through the synthesis of a large numbers of compounds in parallel, constituting a compound library, followed by high throughput screening. 1 The members of the library should be diverse in structure so as to effectively probe chemical space, but because chemical space is so large, the inclusion of structural features that are often associated with biological activity, known as "privileged structures", 2, 3 improves the chances of obtaining a useful lead compound. Once a lead is established, focussed libraries can then be prepared, which may well contain a range of privileged structures. The use of solid-phase synthesis facilitates the preparation of the libraries as it allows automation. 4 Recently, we have developed functionalised titanium carbenoids 5 to prepare benzofurans 2, 6, 7 indoles 3, 7 benzothiophenes 4, 8 quinolines 5, 9 cyclic imines 10,11 6 and enantiomerically enriched piperidines 11 7 and 8 from resin-bound esters 1, so that each ester acts as a precursor to a range of privileged structures (Scheme 1). The general strategy involves using titanium carbenoids 9 containing a masked nucleophile to convert acid-stable, resin-bound esters 1 into acid-sensitive enol ethers 10 (Scheme 2). Treatment with mild acid leads to cleavage from resin with concomitant cyclisation to generate bicyclic heteroaromatic compounds 11 with no trace of the site of attachment to resin. The switch to a linker cleaved under orthogonal conditions ensures that any unreacted ester 1 remains attached to the resin and so the products 11 are released in high purity.
Barrett and co-workers introduced the term "chameleon catch" to describe this switch in the nature  Corresponding author: Fax: +44 141 3304888, e-mail: richh@chem.gla.ac.uk 3 of a linker. 12, 13 In theory, it allows greater diversity to arise from each resin-bound ester 1 as other products would be available from cleaving at the ester stage (e.g. carboxylic acids, alcohols etc. 
Scheme 2
One limitation of our original strategy was that no additional diversity was added after the switch of the linker, and we overcame this in the benzofuran series by including a boronate group in the titanium reagent 12.
14 Suzuki cross-coupling between boronate 13 and a variety of aryl iodides then allowed access to a range of ketones 14 that cyclised upon deprotection in strong acid to give 2,5-disubstituted benzofurans 15. Aryl bromides react under the conditions used to generate our titanium benzylidene reagents 9, precluding the introduction of aryl bromide or iodide functionality to the resin by our method. 7 However, immobilisation of the arylboronate component is advantageous as aryl halides are more widely and cheaply available than arylboronates. Therefore, it is surprising that the aryl halide is almost always the immobilised coupling partner for cross couplings in SPS. 
Scheme 3
We here report a similar strategy for introducing diversity in the indole series. The indole moiety is the archetypal privileged structure, and alkaloids derived from the indole-containing amino acid, tryptophan, are found widely in nature.
16
These include the human 5-hydroxytryptamine (5-HT) hormones, serotonin, which is involved in regulation of the nervous system including neurotransmission, and melatonin, which regulates circadian rhythms and sleep processes. Although, natural indoles are almost invariably 3-substituted, 2-substituted analogues of these hormones are also being investigated as potential therapeutic agents. 17 Other bioactive 2-substituted indoles recently reported include inhibitors of the proteases involved in coagulation e.g.
factor VIIa inhibitors, 18 antagonists of G-protein-coupled receptors, 19 anti-angiogenic compounds 20 and inhibitors of endothelin-converting-enzyme. 21 Naturally, new methods for the construction and modification of indole moieties during SPS are continually being reported.
22,23
However, the combination of intermolecular alkylidenation of an ester group followed by cyclisation to give an indole is unique to us.
Results and Discussion
We chose 5-bromo-2-fluorobenzaldehyde 16 as the starting material for the synthesis of titanium benzylidene complexes, as we reasoned that an amino group could be introduced through SNAr displacement of the fluoride by a suitable nucleophile, the bromide could be replaced by boron through cross-coupling and the aldehyde would easily be converted into a dithiane Table 1 O Scheme 8 12 batches of the 8 resin-bound enol ethers 47A-H contained in MiniKans TM were each subjected to Suzuki cross-coupling with a different aryl or heteroaryl iodide, followed by cleavage from resin in separate vessels to give indoles 49. The crude yields and purities are presented in Table 1 . The library members were identified using reversed phase HPLC, with diode array UV detection (DAD-UV) and evaporative light scattering detection (ELSD) and MS analysis. The purity values for the library members were determined using summed diode array UV detection (DAD-UV) between the wavelengths of 210 nm and 350 nm. In 13 examples (in bold), the identity of the library members were further confirmed by 1 H NMR spectroscopy following purification by reversed phase HPLC. It is noteworthy that even when the yield and purity were low, as was the case for indole 49Fh, sufficient material could be obtained for identification in this way, giving confidence that other compounds in the library were correctly identified by reversed phase 11 HPLC/DAD-UV/ELSD/MS. Thus, in 79 cases the desired indole was produced (82% success).
Surprisingly, di-Boc compounds 49G were produced, and deprotection of the aliphatic amino group did not dominate. As would be expected from the poor quality of boronate 48H, there were few products arising from enol ether 47H. The enol ethers 47 had efficiently cross coupled with a wide range of aryl and heteroaryl iodides including both electron-rich substrates a-c and electron-poor substrates i-l. It is not clear why some derivatives of 3-iodothiophene were not formed, but 3-iodopyrazole 39 g appears to be a poor substrate for Suzuki cross coupling. Indeed, there are no reports of palladium-catalysed cross couplings with this substrate in the literature. Table 1 Yields of indoles 49 synthesised (unpurified material, purities in parenthesis) (89) 72 (97) 78 (81) 53 (70) 64 (88) 72 (94) 68 (71) (91) 30 (73) 72 (87) 64 (29) 35 (32) 39 (24) * f 65 (41) 76 (8) 65 (39) 60 (64) 43 (27) 30 (35) 39 (18) (64) 69 (57) 41 (61) 57 (55) 60 (51) 38 (67) 34 (63) * k 81 (86) 62 (91) 78 (71) 90 (75) 89 (78) 68 (77) 67 (84) * l 45 (91) 74 (91) 51 (94) 76 (86) 64 (64) 48 (70) 42 (13) * * MW of product not detected
Conclusion
In summary, we have synthesised new titanium carbenoid reagents bearing a boronate functionality, using a sequence that involved a novel reduction of an aryl azide with tertbutyllithium. We have demonstrated that this organotitanium reagent can be used for the SPS synthesis of 2,5-disubstituted indoles, and we have exemplified the benzylidenation, Suzuki cross coupling, cleavage-cyclisation sequence for introducing diversity by successfully preparing 79 of the members of a potential 96-member library of indoles.
Experimental 1 H and 13 C NMR spectra were obtained on a Bruker DPX/400 spectrometer operating at 400 and 100 MHz respectively. All coupling constants are measured in Hz and are uncorrected. DEPT was used to assign the signals in the 13 C NMR spectra as C, CH, CH 2 or CH 3 . Mass spectra (MS) were recorded on a Jeol JMS700 (MStation) spectrometer. Infra-red (IR) spectra were obtained on a Perkin-Elmer 983 spectrophotometer. A Golden Gate TM attachment that uses a type IIa diamond as a single reflection element was used so that the IR spectrum of each compound (solid or liquid)
could be directly detected without any sample preparation. Column chromatography was carried out on silica gel, 70-230 mesh, or neutral alumina (Brockmann grade III). Tetrahydrofuran and diethyl ether were dried over sodium and benzophenone, and dichloromethane was dried over calcium hydride. The solid-phase syntheses were carried out using resin derived from commercially available Merrifield resin with the loadings described in the text below and contained in IRORI MacroKans TM (porous polypropylene reactors with an internal volume 2.4 mL, and a pore size of 74 µm) and IRORI MiniKans TM (porous polypropylene reactors with an internal volume 660 µL, and a pore size of 74 µm). 2-(2'-Azido-5'-bromophenyl)-1,3-dithiane 18. 1,3-Propanedithiol (6.0 mL, 51 mmol, 1.2 eq.) was added to a solution of 2-azido-5-bromo-benzaldehyde 17 (10.0 g, 44.5 mmol, 1 eq.) and BF 3. OEt 2 (7.0 mL, 55 mmol, 1.2 eq.) in dry toluene (100 mL) under an atmosphere of argon. The reaction mixture was stirred for 2 h. The reaction was then quenched by adding water and was extracted into DCM (2×). Combined organics were washed with 1 M NaOH (2×), water (2×), dried (MgSO 4 ) and 13 concentrated to give 2-(2'-azido-5'-bromoophenyl)-1,3-dithiane 18 (12.8 g, 40.3 mmol, 91% -isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (25.6 mL, 126 mmol) was added drop-wise over 45 min and the resulting mixture was stirred for 1 h 30 min before being allowed to warm to rt and stirred overnight. Water buffered to pH 7 was added, and the mixture extracted with DCM (3×). The combined organics were washed with water and then brine (3×) and dried (MgSO 4 ). Removal of solvent under reduced pressure gave a dark brown oil.
2-Azido
2-[2'-(N-
Crystallisation from pentane and ethyl acetate gave the boronate 34 as a brown solid (4.97 g, 39% 5'-(4", 5"-tetramethyl-1", 3", 2"-dioxaborolan-2"-yl]-1,3- 6.89 (2H, d, J 2.0 Hz, m, Ph) 7.34 (1H, dd, 2.0 and 8.8 Hz, 7.48 (2H, d, J 2.0 Hz, 7.52 (1H, d, J 2.0 Hz, 8.03 (1H, d, J 8.8 Hz, 6.35 (1H, s, m, m, dd, 2.0 and 8.8 Hz, 7.66 (1H, d, J 2.0 Hz, 8.07 (1H, d, J 8.8 Hz, m, 7.41 (1H, dd, J 1.9 and 8.7 Hz, 7.61 (1H, d, J 1.7 Hz, 7.67 (2H, d, J 8.8 Hz, 8.09 (1H, d, J 8.7 Hz, 8.19 (2H, d, J 8.8 Hz, Hz, H-6").
2-[2'-Aminosilylcarbamate-
N-Boc-2-(3'-phenoxypropyl)-5-(4", 5"-tetramethyl-1", 3", 2"-dioxaborolan-2"-yl)indole 48E. m, ArH), m, ArH), 7.67 (1H, dd, 1.2 and 8.4 Hz, 7.92 (1H, d, J 1.2 Hz, 8.07 (1H, d, J 8.4 Hz, . 
